Abstract-The disparity vergence eye movement system, long thought to be a simple continuous feedback system, has recently been shown to exhibit more complex dual-mode slow and fast responses. A model has been developed which simulates this behavior. The slow component accounts for the smooth following of slowly moving stimuli. The fast component has samnpling and prediction mechanisms which account for the staircase-like step responses to fast ramp stimuli. Model simulation responses to pulse, step, step-pulse, ramp, and sinusoidal stimuli show good fit to these diverse experimental results. This robust and comprehensive model forms the basis for further understanding of the dynamic controlling mechanisms of the vergence system.
I. INTRODUCTION THE vergence eye movement system has been considlered previously to be a simple continuous feedback system. The gradation in response amplitude to pulses of two different durations seemed to justify such an assumption [1] . However, numerous attempts to interpret experimental results and to model the vergence system as a continuous system have led to inconclusive or unsatisfactory results. For example, Rashbass and Westheimer [2] found that there was a smaller phase lag in sinusoidal responses than would be expected from the delay seen in the step responses. Their simple integrator model was not able to explain this reduction in phase. Using regular alternation of convergent and divergent step disparities, but over a very limited range of frequencies, they found no reduction in phase. They therefore concluded that anticipation did not play a role in phase reduction in the vergence system; but other information such as velocity and perhaps acceleration of the sinusoidal stimulus provided additional information that could be used to reduce the phase.
Zuber and Stark [1] also proposed a simple integrator model, but similarly could not account for the reduction in phase in the sinusoidal data. However, using a predictable alternating step target over a wider range of frequencies, Krishnan, Farazian, and Stark [3] were able to show that anticipation was indeed a major factor in reducing the phase lag. Toates [4] proposed an integrator model, but qualified this by noting that the integrator model could not account for the small steady-state error, i.e., fixation disparity, found experimentally [5] . Krishnan and Stark [6] developed a model with parallel integral and derivative controllers in the forward loop. Their model gave a reasonably good fit to experimental gain and phase data, but it still could not account for the small fixation disparity found under static conditions. Furthermore, their use of a 160 ms delay in the model was the minimum delay found experimentally, where actual delays ranged from 160 to 200 ms. This small delay was required to reduce oscillations in their model responses to acceptable levels.
More importantly, other evidence indicated a basic flaw in the concept of continuous feedback control of disparity vergence, suggesting instead a dichotomous structure with separate controlling strategies. Westheimer and Mitchell [7] sponses. These small step responses indeed had the same amplitude versus peak velocity characteristics as actual disparity vergence responses to steps [9] .1 The final portion of each step in the ramp response matched the ramp stimulus position. This clearly suggested a sampling and prediction mechanism, whereby the stimulus velocity was used to predict the future position of the target, with the subsequent step movement matching the ramp stimulus. Below 2°/s, the vergence response consisted of a smooth following movement, thus confirming the results of Westheimer and Mitchell [7] and Jones [10] regarding the 1Rashbass and Westheimer [2] showed oscillations for ramp responses, but did not consider these as step responses. [11] , only the target configuration and eye movement recording will be described here. The target was a vertical line (20 V x 1/40 H) generated on an oscilloscope. Since the oscilloscope had a bandwidth of 20 MHz and its screen contained low persistence phosphor, no smearing of the target was evident. The horizontal displacement of the target was presented in opposite directions in the two eyes when viewing through the DBS, thus providing the disparity stimulus. Binocular eye movements were measured using a standard limbal reflection technique [12] . This technique has a resolution of 15 min of arc, with linearity over a + 100 range [13] . A PDP 1 were called ramp-stop stimuli. Convergent and divergent 40 step stimuli served as the highest velocity limit of the ramp-stop stimuli. The step-pulse stimulus consisted of a 40 step followed 100 ms later by a 40 down pulse of 100 ms duration. Sinusoidal frequencies ranged from 0.05 to 0.75 Hz with a peak-to-peak amplitude of 20.
Two experienced subjects (JS and GH) were used in the main experiments. One additional subject (ED) was used in the st6-pulse experiment. Refractive correction, as needed, was placed in the DBS at a position conjugate to the entrarne pupil of the eyes. With the aperture at this conjugate point reduced to less than 1 mm, thus increasing the depth of field, the subject always saw a sharply focused image of the target. With other sources of light blocked out in the darkened room, the subject only saw this line target. In a typical experimental session, the stimulus might be, for example, ramps of different velocities. To avoid short-term dynamic adaptation effects due to repetitive stimuli, the sequence of the different kinds of stimuli as well as the interstimulus interval were randomized. Thus, in an experimental session, the subject might receive 20 presentations of each of five kinds of stimuli for a total of 100 3 s long records. The subject was allowed to rest after every 25 presentations to minimize fatigue.
B. Model Stimulation
The stimulation program was written in Fortran on a PDP 11/40 computer. A Runge-Kutta matrix integration routine was used for the simulation of the first and secondorder dynamics of the vergence step response. The modeling results were displayed on an oscilloscope and subsequently plotted on a Calcomp plotter.
III. RESULTS A. Model Configuration
The model was designed to simulate the experimental vergence responses to pulse, step, step-pulse, ramp, and sinusoidal stimuli. It consists of a controller in the forward loop which is divided into slow and fast components [ Fig. 1(a) ]. The slow component is driven by vergence error, delayed by 200 ms, and has magnitude and velocity limiters to reflect the range of operation of the slow process [ Fig. 1(b) ]. Its dynamics are modeled by a first-order lag element. The fast component is driven by a signal equal to the sum of the vergence error and an internal feedback signal [ Fig. 1 (c) ]. The summed signal represents the perceived target displacement. This is delayed by element "DELAY2," which represents the effective delay throughout the fast component.' The sampler and predictor act in conjunction to provide the sampling and predictive capabilities seen in the experimental ramp and sinusoidal responses. The sampler has sensory thresholds to account for the range of stimuli that elicit experimental sampling behavior. The sampler is triggered by a change in velocity of the perceived target above a given threshold. However, the sampler can be reset by a sudden change in target velocity, such as in a pulse stimulus. If the target velocity drops below a certain value, as in a step stimulus, the sampler is stopped. The sampler pro- vides the sampling timing control for the predictor. The predictor is a calculating unit which uses the target position and velocity information to estimate the future position of the target. The predictor estimates, within the response delay time, where the target will be after a sampling interval (500 ms as determined by the duration of step responses to ramp stimuli) and generates a step signal to correspond to the new target position. For example, for a ramp stimulus, the predictor uses the target position and velocity information to estimate where the target position will be after a sampling interval and generates a characteristic step response which matches the target at the end of the sampling interval. If the ramp target continues, the predictor must recalculate after each sampling interval so that the resulting staircase-like step responses will match the ramp stimulus. (Fig. 2, right) accurately modeled the general trend of the experimental responses (Fig. 2,  left) with the pulse magnitudes remaining the same for pulse durations in the range of 25-50 ms. For longer stimulus pulse durations, the response pulse amplitude and width increased. For pulse durations of 300 and 400 ms, the amplitude remained approximately constant. The simulated convergent (Fig. 3, right) and divergent (Fig. 4,  right) ramp results were very similar to the respective experimental responses (Fig. 3 left, Fig. 4 left) . The transition from a predominantly slow to fast component response, at about 2°/s for convergent stimuli, and at 2.7°/ s for divergent stimuli, was accurately represented. Particularly noteworthy was the accurate simulation of the amplitude and duration of the steps in the faster ramp response, as well as the number of steps in the ramp response before the response leveled off. Model responses to convergent and divergent 40 disparities showed dynamics similar to the experimental step responses. Also, the fixation disparity following the initial transient response was less than 10 min of arc (which was just within acceptable limits [5] , thus demonstrating accurate simulation of static vergence characteristics. Simulated sinusoidal responses (Fig. 5, right) were similar to experimental responses (see Fig. 5, left) showing accurate transition from predominantly slow and smooth tracking up to 0.3 Hz to a combination of fast and slow response for higher frequency sinusoidal stimuli. We simulated the step-pulse experimental results to check the retriggering of the fast component when a pulse intervenes during the step response movement. The experimental curve (Fig. 6 , top trace) was an average of 20 responses and showed a step response interrupted by a net leveling in response to the down-pulse followed by a continuation of the step response. As subject ED exhibited slower step responses than subject JS (comparison not shown), whose responses were used as reference for model construction, it was not surprising that subject ED's step-pulse responses showed slower dynamics than the model simulation response (Fig.  6, lower sponse, and then continued with the remainder of the step response.
IV. DISCUSSION
Model Configuration Instead of being a simple continuous feedback system, as traditionally believed to be the case, the vergence system is in fact a complex control system. The relatively long time delay as compared to its step transient dynamicshad posed considerable difficulty in modeling its response as a continuous system without producing oscillations. The presence of a typically small residual steady-state vergence error, or fixation disparity, posed a further modeling constraint. The dual-mode nature of its control has been revealed by the noncongruent stimuli experiments of Westheimer and Mitchell [7] and Jones [101. Ramp experiments by Rashbass and Westheimer [2] , and systematically explored by Semmlow, Hung, and Ciuffreda [8] , have shown that, like the saccadic system, the vergencesystem is a sampled-data system for a range of ramp velocities. It must also be pointed out that unlike the saccadic system, this sampling behavior could be overridden by a sudden change in target velocity. For example, a vergence response to a pulse embedded in the ramp stimulus will show the characteristic ramp response, then respond to the pulse following a time delay (Hung and Semmlow, unpublished data; also see Fig. 6 for steppulse response). Furthermore, a prediction mechanism has been shown which reduces the phase lag for sinusoidal responses. Thus, it is not surprising that a model which can accurately simulate the wide variety of experimental pulse, ramp, step, step-pulse, and sinusoidal responses is itself rather complex. The dual-mode behavior seen experimentally is incorporated into the forward-loop structure of the model by means of slow and fast components. The slow component consists of nonlinear and linear parts. The nonlinear part contains error and error-velocity range limiters that restrict smooth, slow tracking behavior to the ranges found experimentally. The linear part contains a first-order lag element with a time constant of 10 s [6] . The fast component similarly consists of nonlinear and linear parts. The nonlinear part includes the sampler and predictor. The linear part contains the second-order lag element. A second-order lag element was chosen because it was the simplest element which gave responses similar to vergence step responses. 
Future Models
This dual-mode model, with a first-order element in the slow component and a sampler and predictor in the fast component, was robust in its ability to respond to a variety of stimuli. It has been able to simulate the vergence response accurately for a diverse set of stimuli. The slow and fast components in the model were heuristically determined, while the disparity vergence stimulus and plant response configurations were homeomorphically derived. Future models may give a more homeomorphic structure for the two forward-loop components. Another area, which is of particular interest to clinicians, is vergence adaptation to induced vergence stimuli, either continuously [16] or intermittently [17] over a short period, or over longer periods of extended wear [18] . Modeling of such behavior may lead to a better understanding of the mechanism of vergence adaptation [19] . Such results may offer a quantitative means for controlling the amount of adaptation induced in an individual and determining its effect on vergence dynamics. Finally, an accurate dynamic model of the accommodative system, once developed, may be combined with this accurate vergence model to form a dynamic near response model. Such a model could form the basis for a clearer quantitative understanding of dynamic oculomotor anomalies [20] , [21] .
V. SUMMARY 1) A model of the vergence system was developed to account for the diverse experimental results found previously.
2) The dual-mode components in the forward loop, consisting of a slow and a fast component, reflected the dichotomous experimental results for noncongruent and congruent stimuli as found by Westheimer and Mitchell [7] and Jones [10] .
3) The slow component time constant of 10 s was derived from the vergence-block experiment of Krishnan and Stark [6] .
4) The sampler and predictor in the fast component were used to give the staircase-like experimental step responses to ramp stimuli found by Semmlow, Hung, and Ciuffreda [8] , and earlier by Rashbass and Westheimer [2] (who considered these as simple oscillations). It also gave the relatively small fixation disparity found experimentally without causing oscillations.
5) The dual-mode model showed accurate simulation of experimental responses to pulse, step, step-pulse, ramp, and sinusoidal stimuli.
